Biological fouling in food industry leads to an increase in maintenance costs, decreases operational 27 efficiencies and promotes food contamination leading to economic losses and the dissemination of 28 foodborne pathogens. In order to maintain production efficiency and hygienic standards, cleaning 29 in place (CIP) procedures are required. However, the existence of critical zones shielded from the 30 main flow carrying the CIP disinfectants requires new strategies for reducing biofilm buildup 31 and/or easy to clean surfaces. In this work, a Diamond-Like Carbon (DLC) coating modified by 32 incorporation of silicon (a-C:H:Si or SICAN), was evaluated regarding bacterial adhesion, biofilm 33 formation and cleanability. Assays included the natural flora present in industrial water (from a 34 salad washing line) and Escherichia coli, one of the most persistent foodborne microorganisms. 35
Biological fouling establishment in industrial piping, equipment and cooling systems is a serious 49 problem in the food industry (Brooks & Flint, 2008) . The formation of these biological deposits, 50 starts with the interaction between planktonic (free floating) bacteria and the industrial surfaces 51 (Srey, Jahid, & Ha, 2013) . After a first contact, bacteria adhere to the surface and start producing 52 extracellular polymeric substances. Further cell growth leads to biofilm formation (Costerton, 53
Stewart, & Greenberg, 1999). Biofilms can cause equipment damage through corrosion, local 54 clogging and heat transfer resistance, leading to increased maintenance costs and decreased 55 equipment operational efficiencies (Characklis, 1981) . Additionally, they can cause contamination 56 of product and staff leading to economic losses and health incidents (Agle, 2007 industries, meat industries and ready-to-eat products (Srey, et al., 2013) . The presence of E. coli 61 on food-contact surfaces is well documented and has been associated with the ability of this 62 bacterium to attach and form biofilms on these surfaces (Dourou, et al., 2011) . In a biofilm, 63 bacteria are more resistant to biocides becoming more difficult to eradicate (Simões, Simões, & 64 Vieira, 2010 
The surface energy components of a solid surface (s) are obtained by measuring the contact angles 160 (θ) with the three different liquids (l) with known surface tension components, followed by the 161 simultaneous resolution of three equations of the type: 162
The degree of hydrophobicity of a given surface is expressed as the free energy of interaction ( 164
) between two entities of that surface immersed in a polar liquid (such as water (w) as 165 a model solvent). G  was calculated from the surface tension components of the interacting 166 entities, using the equation: 167
If the interaction between the two entities is stronger than the interaction of each entity with water, 169
, the material is considered hydrophobic, if G   0 mJ.m -2 , the material is 170 hydrophilic. 171 172
Adhesion assays 173
The adhesion assays were made in three different media, an industrial water collected from a salad 174 washing line (with a bacterial load of 3.3x10 5 CFU mL -1 and a Chemical Oxygen Demand below 175 26 mgO2 L -1 ), the same industrial water spiked with E. coli JM109(DE3) and a low nutrient 176
KH2PO4 and 2.60 g L -1 Na2HPO4) at pH 7.0 (a 1:100 dilution of the 178 inoculation medium) also spiked with E. coli JM109(DE3). For E. coli, two aliquots (50 ml) from 179 the overnight grown culture (described in section 2.1) were used to harvest cells by centrifugation 180 (10 min, 3,202 g). Cells were washed twice and then resuspended in the final medium. For the low 181 nutrient medium, an appropriate volume was used to reach a final optical density (OD) of 0.1 at 182 610 nm, which corresponds to 7.60x10 7 cell mL -1 . The same volume was used for the industrial 183 water and a total bacterial load of 7.63x10 7 cell mL -1 was obtained. A flow cell system (see supplementary material, Figure S2 ) was used for these assays and it is 213 composed by a recirculating tank, one vertical flow cell, peristaltic and centrifuge pumps and one 214 intermediate fermenter (Teodósio, et al., 2011) . This fermenter contained initially 375 mL of sterile 215 inoculation medium and was inoculated with 50 mL of the overnight culture (described in section 216 2.1). After inoculation, it was fed (14.5 mL h -1 ) with sterile inoculation medium. The culture was 217 then left to grow under agitation (with a magnetic stirrer) during 4 h at room temperature and 218 aerated using an air pump (air flow rate 250 L h -1 ). After this time, the culture was used to 219 continuously inoculate (0.025 L h -1 ) the recirculating tank of the flow cell system, initially 220 containing 1.5 L of saline solution (8.5 g L -1 NaCl). The recirculating tank was also fed (300 mL 221 h -1 ) with the sterile low nutrient medium used in the adhesion assay described in section 2.4 (1:100 222 dilution of the inoculation medium). Biofilms were formed on SICAN or stainless steel coupons, 223 cleaned as described in section 2.2 and placed in the vertical flow cell. The bacterial suspension 224 was circulated in the system at a flow rate of 300 L h -1 in order to obtain a shear stress of 0.25 Pa 225 (Teodósio, et al., 2013) . Temperature was kept at 30 ºC and biofilm formation was monitored for 226 five days. For biofilm sampling (Teodósio, et al., 2011) , the system was stopped to allow coupon 227 removal and carefully started again maintaining the flow conditions described above. Coupons 228 were removed daily (24 h step) from the flow cell (and replaced by new ones to seal the system) 229 and the number of CFU per mL was determined by viable plate counting using PCA (plate counting 230 agar). Three independent experiments were performed for each surface. 231 232
Cleaning and regrowth 233
After the five days of biofilm formation, the intermediate fermenter was disconnected from the 234 recirculating tank and the flow cell system was emptied. A disinfection solution of 0.2% 235 commercial bleach (Continente, Portugal) was then applied and recirculated (at 300 L.h -1 ) in the 236 system for 20 min. The system was then emptied and filled with sterile water that was recirculated 237
for an additional 20 min in order to remove the disinfectant from the system. The water was then 238 removed and the system was filled with fresh sterile low nutrient medium (1:100 dilution of the 239 inoculation medium) and the recirculation restored maintaining the same flow conditions. The 240 coupons with biofilm formed during 5 days were analyzed immediately after the disinfection 241 process and after 6 h, 18 h and 24 h in order to determine the number of CFU per mL. The amounts 242 of removed biofilm were assayed by wet weight determination by weighing the coupons containing 243 biofilms prior and after disinfection as described before (Teodósio, et al., 2011 Figure 1 shows the cell adhesion results on both surfaces at 5 ºC. Similar adhesion results were 263 obtained on both surfaces using industrial water (figure 1a). Moreover, adhesion did not increase 264 with time (from 0.5 to 6 h). These results showed that microorganisms belonging to the natural 265 flora present in the industrial water are capable of adhering to both surfaces equally. Furthermore, 266 addition of another microorganism in significant amounts (2.3 Log difference) did not potentiate 267 cell adhesion (figure 1b) indicating that adhesion was not affected by planktonic cell concentration 268 in any of the surfaces (P > 0.05). This was further confirmed by the results in the low nutrient 269 medium (figure 1c) which were similar to the ones obtained in the previous conditions (P > 0.05). 270
Thus, it seems that under the conditions tested, cell adhesion was not strongly influenced by 271 planktonic cell concentration, surface type and composition of the culture medium (Figure 1) and 272 also assayed temperature ( Figure S1 ). In a study by Azevedo, Pinto, Reis, Vieira, & Keevil (2006) 273 with Helicobacter pylori, temperatures between 4 ºC and 37 ºC were tested and it was also 274 observed that there was no effect of the temperature on H. pylori adhesion to stainless steel. The 275 similar adhesion values observed on both surfaces may be explained by the effect of the surface 276
properties. Both surfaces are hydrophobic and have similar roughness (table 2) In a previous study with the same strain, it was found that hydrodynamics (shear stress) was 292 controlling the thickness of an E. coli biofilm grown at two different substrate loading rates 293 (Teodósio, et al., 2011) . It was also recently shown for this strain that shear stress can affect cell 294 adhesion and can even modulate the effects of the surface properties (Moreira, et al., 2014) . Thus, 295 it is likely that the hydrodynamic conditions were also controlling bacterial adhesion in the present 296 study and their effect was stronger than the bacterial composition, bacterial concentration, medium 297 composition, surface properties and assay temperature. Although it has been reported that 298 (Table 1) , biofilm formation 303 was allowed to occur for 5 days prior to cleaning. In this figure it is possible to verify that bacterial 304 adhesion (until 6 h) was constant with time and similar on both surfaces for all time points tested 305 (P > 0.05). Regarding biofilm formation (from 24 until 120 h), it was also observed that similar 306 values were obtained on both surfaces (P > 0.05). A slight increase in the number of attached cells 307 was observed for both surfaces up to 72 h and after that the number of cells stabilized. It is well 308 known that after the bacterial adhesion phase, the biofilm starts to grow from the adhered cells and 309 a biofilm increase is observed until a pseudo steady state is reached. At this point, the biofilm 310 sloughing rate equals the growth rate and the steady state is attained (Melo & Bott, 1997) . In this 311 work, this pseudo steady state was achieved at 72 h. 312
After 5 days of biofilm formation (120 h), the biofilm was treated with a 0.2% chlorine solution 313 (about 100 ppm) for 20 min and after this treatment it was possible to observe that the number of 314 viable cells (1 h after the beginning of the treatment) decreased approximately 1.7 Log on stainless 315 steel and 3.3 Log on SICAN (Figure 2 ). Besides viability, the amount of biofilm assayed by wet 316 weight determination showed that there was a 20% reduction after treatment in stainless steel 317 whereas a 40% reduction was obtained with SICAN (data not shown). An induction period of 6 h 318 was observed for both surfaces with a rapid bacterial growth for SICAN after this period. For the 319 particular conditions tested on this work, there was a time window of more than 6 h (Figure 2 
Conclusions 332
In this work, it was shown that bacterial adhesion and biofilm formation on SICAN and stainless 333 steel were similar, thus the surface coating was not able to prevent biological fouling. It was also 334
shown that biofilm inactivation was higher in SICAN. An operational time window exceeding 6 335 hours was identified for the conditions used in this work where a higher hygienic status can be 336 attained if SICAN is used instead of stainless steel. The duration of this time window and also the 337 magnitude of this difference are likely to depend on the process conditions and need to be evaluated 338 for each individual case. Also, if a satisfactory hygienic level is already attained with stainless 339 steel, using SICAN may extend the operational time by reducing the frequency of cleaning or the 340 duration of the cleaning period. The optimization of a cleaning schedule is not a trivial task 341 (Pogiatzis, et al., 2014) but the same hygienic level may also be attained by lowering the 342 concentration or the amount of cleaning agent. Additionally, there is also a potential for cleaning 343 water saving. The implementation of these strategies will result in a more eco-friendly process 344 16 particularly in food industries with frequent CIP operations (Table 1) . 345
There has been some interest in the application of modified surfaces for biofilm reduction in the 346 food industry, as the ability to modify operational parameters (flow rates, equipment geometries, 
